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Release site clearance is an important process
during synaptic vesicle (SV) recycling. However, little
is known about its molecular mechanism. Here we
identify self-assembly of exocytosed Synaptobrevin
2 (Syb2) and Synaptophysin 1 (Syp1) by homo- and
hetero-oligomerization into clusters as key mecha-
nisms mediating release site clearance for pre-
venting cis-SNARE complex formation at the active
zone (AZ). In hippocampal neurons from Syp1
knockout mice, neurons expressing a monomeric
Syb2 mutant, or after acute block of the ATPase
N-ethylmaleimide-sensitive factor (NSF), responsible
for cis-SNARE complex disassembly, we found
strong frequency-dependent short-term depression
(STD), whereas retrieval of Syb2 by compensatory
endocytosis was only affected weakly. Defects in
Syb2 endocytosis were stimulus- and frequency-
dependent, indicating that Syp1 is not essential for
Syb2 retrieval, but for its efficient clearance up-
stream of endocytosis. Our findings identify an SV
protein as a release site clearance factor.
INTRODUCTION
Fusion of synaptic vesicles (SVs) during synaptic transmission
ismediated by soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) proteins, the v-SNARE Synapto-
brevin 2 (Syb2) and the t-SNAREs Syntaxin 1A (Stx1A) and
SNAP-25, that form a stable ternary trans-SNARE complex via
coiled coiling of highly conserved SNARE motifs (Jahn and
Scheller, 2006; So¨llner et al., 1993a, 1993b). After fusion, the
SNARE complexes, now in the cis position, need to be disas-
sembled by the ATPase N-ethylmaleimide-sensitive factor
(NSF) and a SNAPs (So¨llner et al., 1993a, 1993b); otherwise,
they would accumulate at the active zone (AZ) and eventually
perturb their function. Although Stx1A and SNAP-25 appearCell Rto be organized in clusters at sites of release (Sieber et al.,
2007), the SV proteins Syb2 and Synaptotagmin 1 (Syt1) are
resorted and preassembled in membrane patches, constituting
a ‘‘readily retrievable pool’’ (RRetP) for compensatory endocy-
tosis (Wienisch and Klingauf, 2006) outside of the AZ (Hua
et al., 2011, 2013). This sorting must involve control of SV pro-
tein localization and dynamics during partition from sites of
fusion (AZ) to sites of endocytosis (peri-AZ), a process termed
‘‘release site clearance’’ (Neher, 2010; Haucke et al., 2011).
Recent studies have demonstrated that impairing endocytosis
leads to a rapid form of short-term depression (STD) that is
not caused by insufficient SV supply, but is a result of slow
clearance of SV components from release sites (Hosoi et al.,
2009; Wu et al., 2009; Hua et al., 2013). These findings imply
an important role for endocytic proteins in conjunction with
scaffold proteins in and around the AZ for maintaining synaptic
transmission.
However, SV proteins themselves might facilitate release site
clearance. Syb2 constitutes the most abundant SV protein,
with approximately 70 copies per SV (Takamori et al., 2006),
although only one to three copies per SV are sufficient for
fusion (Domanska et al., 2009; Mohrmann et al., 2010; van
den Bogaart et al., 2010; Sinha et al., 2011). Syb2 can homodi-
merize (Calakos and Scheller, 1994; Edelmann et al., 1995) by
its transmembrane domain (TMD) (Laage and Langosch, 1997;
Roy et al., 2004; Kroch and Fleming, 2006). In addition, it can
oligomerize directly with the second most abundant SV protein,
Synaptophysin 1 (Syp1) (Calakos and Scheller, 1994; Wash-
bourne et al., 1995; Becher et al., 1999; Khvotchev and S€udhof,
2004), which has been suggested to serve as an adaptor for
Syb2 endocytosis (Gordon et al., 2011). The Syb2-Syp1 inter-
action has been shown to inhibit Syb2 from taking part in
SNARE complex formation in synaptosomes, leading to the
proposal that Syp1 might control the availability of Syb2 to
enter SNARE complexes (Edelmann et al., 1995). However,
Syp1 knockout (KO) mice reproduce normally and show no
overt phenotype (Eshkind and Leube, 1995; McMahon et al.,
1996) but display mild behavioral alterations with defects in
learning and memory (Schmitt et al., 2009), indicating possible
synaptic dysfunction.eports 14, 1369–1381, February 16, 2016 ª2016 The Authors 1369
Neuronal cultures from cortices of Syp1 KO mice have been
reported previously to display almost no retrieval of Syb2 from
presynaptic membranes, suggesting that Syp1 may serve as
an adaptor protein for Syb2 (Gordon et al., 2011). In contrast,
another study shows only delayed endocytosis of several SV
proteins upon Syp1 KO (Kwon and Chapman, 2011). In line
with this, we observed slightly less efficient Syb2 retrieval in
Syp1 KO hippocampal neurons only after strong or prolonged
stimulation. However, upstream of Syb2 retrieval, we found
that loss of Syp1 induced frequency-dependent STD. Using total
internal reflection fluorescence (TIRF)-photoactivation localiza-
tion microscopy (PALM), we found that Syb2 forms clusters at
the plasma membrane (PM). Clustering is increased when
Syp1 is present and reduced when Syb2 is not able to dimerize.
Using a monomeric Syb2(G100Y) mutant, we found that Syb2
dimerization is also important for release site clearance because
synapses expressing Syb2(G100Y) displayed even stronger
frequency-dependent STD. Experiments interfering with cis-
SNARE complex disassembly using the NSF inhibitor N-ethyl-
maleimide (NEM) indicate that both the ability to dimerize and
the interaction with Syp1 are necessary to prevent Syb2 from
forming cis-SNARE complexes at the AZ and STD. Our data
demonstrate the functional role of Syp1 for Syb2 clearance
and sequestration into clusters and provide an explanation for
the existence of the RRetP outside of the AZ.
RESULTS
Loss of Syp1 Has Only a Minor Effect on Endocytosis
of Syb2
Although Syp1 is one of the most abundant SV proteins, its
specific role remains elusive. In a recent study using fusion
constructs of SV proteins with pHluorin (Miesenbo¨ck et al.,
1998), a selective blockade of Syb2 retrieval during endocy-
tosis was observed in Syp1 KO mice (Gordon et al., 2011).
Taking into account that Syp1 KO mice are viable and show
no overt phenotype (Eshkind and Leube, 1995), the drastic
effect on Syb2 retrieval seems questionable. Accordingly, a
parallel study has shown that endocytosis of SV proteins is
not blocked but only slowed down in Syp1 KO mice (Kwon
and Chapman, 2011).
Using the same Syp1 KO strain, we repeated analyses of
exo-endocytosis of Syb2-pHluorin (SpH) in hippocampal neu-
rons. Fluorescent transients in neurons from Syp1 KO mice
were undistinguishable from those from wild-type (WT) mice
after 50 action potentials (APs) (Figure 1A, left), but incomplete
retrieval was observed after stronger stimulation with 200 APs
at 20 Hz, rescued by overexpression of Syp1-mRFP (Figures
1A, right, and 1B). This indicates that the reported defects of
Syb2 retrieval might be use-dependent. Similar to recent data
(Kwon and Chapman, 2011), we observed reduced Syt1
retrieval upon stimulation with 200 APs at 20 Hz in Syp1 KO
mice (Figure S1), indicating that the effect is not limited to
Syb2 alone.
To check whether incomplete recovery also depends on fre-
quency, we stimulated at 10 Hz. Indeed, no changes in Syb2
endocytosis kinetics were observed, even with 200 APs (Figures
1C and 1D). Our results are in disagreement with the report of a1370 Cell Reports 14, 1369–1381, February 16, 2016 ª2016 The Authcomplete and selective block of Syb2 retrieval (Gordon et al.,
2011), although we used the same mouse strain.
Syb2 Displays Strong Frequency-Dependent STD in
Syp1 KO Neurons
An incomplete recovery of Syb2 after stimulation could be due to
a decreased endocytosis rate, a delayed or incomplete SV acid-
ification downstream of endocytosis, or, alternatively, a defect in
exo-endocytic coupling, which has been shown to be essential
for proper retrieval of SV components but also for clearing
release sites (Hosoi et al., 2009; Wu et al., 2009; Hua et al.,
2013; Gauthier-Kemper et al., 2015). Earlier work on hippocam-
pal cultures from Syp1 KO mice already excluded a defect in
SV acidification (Kwon and Chapman, 2011). However, the
observed frequency dependence of Syb2 recovery (Figure 1)
rather hints at a defect in release site clearance of Syb2 than
a defect in endocytosis itself. Therefore, we analyzed the pure
exocytic SpH responses after stimulation with increasing fre-
quencies in WT neurons, overexpressing Syp1-mRFP, and
Syp1 KO neurons in the presence of the vATPase inhibitor Foli-
mycin to mask endocytosis. For quantification of frequency-
dependent STD, we used the prepulse normalization protocol
we developed earlier (Hua et al., 2013). Neurons were subjected
to a pre-test normalization stimulus of 50 APs at 20 Hz. A test
stimulus of 200 APs at 5, 20, or 40 Hz was applied 60 s later
(Figure 2A). In WT neurons, total fluorescence increases were
similar for all frequencies (Figure 2B). This agreeswell with the re-
sults obtained using rat hippocampal neurons (Hua et al., 2013).
Responses from KO neurons, however, showed strong STD
at 40 Hz but not at 5 and 20 Hz, which could be rescued by
coexpression of Syp1-mRFP (Figures 2C–2E). The observed
STD could be due to perturbed release site function caused by
improper Syb2 clearance or, alternatively, by reduced availability
of SVs; e.g., caused by reduced fusion competence. Therefore,
we analyzed SV exocytosis amplitudes after multiple stimula-
tions (50 APs at 20 Hz at 60-s intervals) in the presence of Folimy-
cin to probe SV availability. SVs trapped in the alkaline state after
a first round of exo-endocytosis will not contribute further to a
fluorescence increase during subsequent stimulation. This leads
to a progressive reduction of evoked fluorescence responses
(Li et al., 2005; Hua et al., 2013). Fluorescence responses
decreased gradually to about 50% of the initial value both in
WT and KO neurons (Figures 2F and 2G). Therefore, STD is the
result of reduced availability of release sites.
Syb2 Dimerization and the Presence of Syp1 Constitute
a First Step for Self-Assembly into Surface
Nanodomains
Besides a suggested interaction with AP180/CALM (Koo et al.,
2011), self-assembly with other SV proteins might drive the
uptake of Syb2 into newborn SVs (Wienisch and Klingauf 2006;
Gordon and Cousin, 2014). Syp1 and Syb2 are able to form het-
ero-oligomers (Calakos and Scheller, 1994; Edelmann et al.,
1995; Washbourne et al., 1995). This interaction has been pro-
posed to mediate targeting of Syb2 to SVs (Pennuto et al.,
2003), and Syp1 might simply function as an SV-integral adaptor
for Syb2 (Gordon and Cousin, 2014). In addition, Syb2 is able to
form homodimers by its TMD that can be disrupted by a singleors
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Figure 1. Loss of Syp1 Causes Incomplete Syb2 Retrieval Only at Strong Stimulations
(A) Average fluorescence transients of SpH expressed in hippocampal WT (gray) or Syp1 KO mice (dark gray) after stimulation with 50 APs at 20 Hz (left) or 200
APs at 20 Hz (right). Only at stronger stimulation does loss of Syp1 lead to incomplete retrieval of Syb2, which can be rescued by Syp1-mRFP (right). Errors in
SEM, n = 7–18, >50 boutons each.
(B) Quantification of recovery of fluorescence transients from (A). Deviations from baseline 100 s after stimulation are shown (* in A). Errors in SEM, ***p < 0.001,
n = 7–18.
(C) Average transients of SpH after 10-Hz stimulation. Again, only after stronger stimulations is retrieval incomplete (right), but no significant difference is seen
between WT and Syp1 KO. Errors in SEM, n = 8–10, >50 boutons each.
(D) Quantification of recovery as in (B) of data from (C). Deviations from baseline 100 s after stimulation (* in C) are shown. Errors in SEM, n = 8–10.
See also Figures S1 and S3.glycine-to-tyrosine mutation (G100Y; Fdez et al., 2010). Disrup-
tion of Syb2 dimerization does not negatively influence hetero-
oligomerization with Syp1 in pull-down assays with whole-cell
lysates of NGF-treated PC12 cells transfected with WT or
G100Y-mutated Syb2 fused to pHluorin (Figure S2A). Further-
more, Syb2 WT and Syp1 colocalized close to the membrane
periphery in patches (Figure S2B, left), whereas Syb2(G100Y)
only partially colocalized with Syp1 (Figure S2B, right) and is
mainly absent from the PM region, which indicates a trafficking
and/or trapping defect and suggests that the ability of Syb2 to
dimerize increases the PM fraction. We further used PC12 cells
to perform super-resolution imaging using a combination of
TIRF microscopy and PALM to quantitatively analyze the PM
fraction of both Syb2 variants. Unfortunately, TIRF-PALM, as
used here, is not applicable to neuronal synapses because these
are attached to dendrites and oriented in all directions. Even 3D
PALM does not have sufficient axial resolution to distinguish be-
tween proteins in the peri-AZ membrane and nearby SVs. PC12
cells are derived from the same neuronal precursor cells during
development and can develop a neuron-like phenotype with
NGF treatment. Moreover, transcriptome profiling comprisedCell Rabout 765 genes, including genes for Syp1 and SNARE proteins
(Saminathan et al., 2009). Therefore, they represent amodel sys-
tem closest to neurons for studying PM distribution of Syb2.
As a marker, we used the irreversibly photoconvertible dendra2,
which displays a comparably low blinking number (Durisic et al.,
2014) and is preferably used for protein stoichiometry measure-
ments using single-molecule counting methods (Lee et al., 2012;
Renz et al., 2012). However, overcounting still occurs because of
repeated blinking after activation.
NGF-treated PC12 cells expressing dendra2 fusion constructs
were photoconverted at 405 nm in TIRF illumination, and individ-
ual localizations were read out at 561 nm. Reconstructed images
show the numbers of localizations per position (color-coded
from blue to red) for Syb2 (Figure 3A, top) and Syb2(G100Y)
(Figure 3A, bottom). To estimate clustering, k-nearest neighbor
(kNN) analysis was performed on regions of interest (ROIs),
which displayed homogeneous staining without visible holes or
bright aggregates. Measured distances between each molecule
and its kNN within the analyzed ROI were normalized by the ex-
pected distance for a random distribution without clustering
(Poisson distribution) and plotted as a function of kNN.eports 14, 1369–1381, February 16, 2016 ª2016 The Authors 1371
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Figure 2. Loss of Syp1 Induces a Fre-
quency-Dependent Release Depression
(A) Schematic of the experimental design. Neurons
were stimulated twice in the presence of 65 nM
Folimycin. The first stimulus with 50 APs at 20 Hz
was used as a calibration stimulus. The second
stimulus with 200 APs was applied after 60 s using
increasing frequencies (xx = 5, 20, or 40 Hz).
(B) Exemplary fluorescence SpH response in WT
neurons to 50 APs at 20 Hz followed by 200 APs at
5 Hz (black), 20 Hz (dark gray), or 40 Hz (light gray)
in the presence of Folimycin. Each trace was
normalized to the amplitude of the calibration
stimulus. No STD was observed.
(C) Exemplary fluorescence SpH response in Syp1
KO neurons. Note the strong STD after stimulation
with 40 Hz.
(D) Normalized SpH responses to 5 Hz in WT and
Syp1 KO neurons alone (black) or together with
Syp1-mRFP (white). Loss of Syp1 leads to only
weak STD at low frequencies. Errors in SEM, n =
7–10 experiments, >100 boutons each.
(E) Normalized SpH responses to 40 Hz, leading to
significant STD after Syp1 KO (2.6 ± 0.28 for WT
and 1.87 ± 0.15 for KO), which could be rescued
completely by Syp1-mRFP (2.71 ± 0.3 for WT and
2.49 ± 0.17 for KO). Errors in SEM, *p < 0.05,
n = 9–12 experiments, >100 boutons each.
(F) Exemplary SpH responses of WT (black) and
Syp1 KO neurons (red) to consecutive stimuli of 50
APs at 20 Hz with 60-s intervals for recovery in the
presence of 65 nM Folimycin. Traces are normal-
ized to the first response.
(G) Plot of average fluorescence amplitudes to ten
consecutive stimuli from the experiments shown in
(F). In the presence of Folimycin, the responses of
SpH in WT and KO neurons decrease to 36.15 ±
0.08% and 45.42 ± 0.14%, respectively. Errors in
SEM, n = 8–13 experiments, >50 boutons each.Therefore, a Poisson distribution would result in a normalized
distance of 1 to all kNNs (Figure 3A, right, blue dashed line).
Syb2 displays a highly reduced distance approximately up to
the 100th kNN, indicating clusters of a few ten molecules (results
were not corrected for the stochastic numbers of blinks). In com-
parison, Syb2(G100Y) showed significantly decreased cluster
sizes, suggesting that loss of dimerization reduces clustering.
To test the role of Syp1 in Syb2 clustering, we repeated the ex-
periments in non-neuronal HEK293 cells, which do not express
Syb2, Syp1, or other neuron-specific factors that might influence
Syb2 clustering. Cells were transfected with Syb2-dendra2
alone (Figure 3B, top) or together with Syp1-pHluorin (Figure 3B,
bottom). kNN analysis revealed that Syp1 enhances clustering of
Syb2 (Figure 3B, right).1372 Cell Reports 14, 1369–1381, February 16, 2016 ª2016 The AuthorsTaken together, our results indicate
that formation of Syb2 surface nanodo-
mains depends on the presence of Syp1
and, circumstantially, on the ability of
Syb2 to dimerize. The G100Y mutation
significantly reduced Syb2/Syp1 cluster
sizes. Therefore, mutant Syb2might exerta dominant-negative effect by reducing the number of possible
protein-protein interactions for clustering.
Dimerization of Syb2 and Coexpression of Syp1 Are
Sufficient for Correct Targeting of Syb2 to Neurites
Because we showed that clustering of Syb2 was impaired when
Syb2 was monomeric but enhanced when Syp1 was coex-
pressed, we analyzed the membrane distribution of Syb2 and
Syb2(G100Y) in the presence or after acute knockdown (KD) of
Syp1. Because our panel of shRNAs against Syp1 caused severe
cell death in hippocampal neurons (A.G.K., unpublished data), we
usedNGF-treated PC12 cells. Coexpression of Syp1 significantly
increased theamountofSyb2 indistal neurites comparedwith the
cell body (Figures 4A and 4D, left), whereas Syb2(G100Y) was not
AB
Figure 3. Syb2 Dimerization and the Pres-
ence of Syp1 Constitute a First Step for
Self-Assembly into Surface Nanodomains
(A) Reconstructed PALM images, magnified re-
gions, and resulting kNN analysis of Syb2-den-
dra2 (top) and Syb2(G100Y)-dendra2 (bottom) in
NGF-treated PC12 cells. The numbers of locali-
zations of molecules are color-coded from blue
to red (0 to R 10). Scale bar, 10 mm; magnifi-
cation, 500 nm. kNN analysis shows distances
between the molecules within a selected region
that were normalized by the distance between
same numbers of molecules in a random distri-
bution. Random distribution is indicated by the
dashed blue line. The distribution of Syb2 differs
significantly from a random distribution for the
first 100 nearest neighbors, indicating clustering
of Syb2 molecules in the PM. Clustering is
decreased in the case of Syb2(G100Y), which
is not able to dimerize. Errors in SEM, n = 6 ex-
periments.
(B) Reconstructed PALM images, magnified re-
gions, and resulting kNN analysis of Syb2-den-
dra2 in non-neuronal HEK293 cells. Scale bar,
10 mm; magnification, 500 nm. kNN analysis
reveals that clustering of Syb2 increases signifi-
cantly for the first few NN upon Syp1 coex-
pression, indicating that association with Syp1
enhances clustering of Syb2. Errors in SEM, n =
5–6 experiments.
See also Figure S2.affected markedly (Figures 4A and 4D, right). This indicates that
bothSyb2dimerization and coexpression of Syp1 support target-
ing of Syb2 to thePM indistal neurites. For Syp1-KD,weused two
different stable clonal shRNA lines with different levels of KD, as
quantified by western blot (Figure 4C). Expression levels of
Syb2were not affected. Cells expressing scrambled small hairpin
RNA (shRNA) showed an increase in Syp1protein level compared
with non-transfected PC12 cells that was in a similar range to
Syb2; i.e., the Syp1/Syb2 expression ratio was not changed
(1:0.93). Syb2 enrichment in distal neurites observed in Syp1-
overexpressing cells was abolished after Syp1-KDbut not in cells
expressing scrambled shRNA (Figure 4B). In agreement, the
ratios of tip to cell body fluorescence showed a reduction after
KD similar to that in cells expressing Syb2(G100Y) (Figure 4E).
This indicates that Syp1 is required for trafficking and/or targeting
of dimerized Syb2 to distal neurites.
Monomeric Syb2Strandedat thePMCauses Frequency-
Dependent STD
Monomeric Syb2(G100Y) might reduce Syb2/Syp1 clustering in
a dominant-negative way. Therefore, we analyzed endocytosisCell Reports 14, 1369–1381, Fkinetics and frequency-dependent STD
in Syb2(G100Y)-pHluorin (SpH(G100Y))-
expressing hippocampal neurons of
WT and Syp1 KO mice. We stimulated
the neurons with 50 or 200 APs at
20 Hz. In WT neurons, SpH(G100Y)
fluorescence transients fully decayedback to baseline, with kinetics as those observed for SpH
(cf. Figure 1A), whereas, in KO neurons, they showed a
delay after stronger stimulation with 200 APs, 20 Hz, which
could be rescued by Syp1-mRFP (Figure 5A). This shows
that dimerization and the degree of Syb2 clustering do not
have a major effect on Syb2 retrieval during endocytosis.
However, we observed a reduced retrieval of SpH(G100Y)
compared with SpH when stimulated at 900 APs at 20 Hz
in WT neurons (Figure S3). We next analyzed STD in
SpH(G100Y)-expressing WT neurons. Although normalized
exocytosis amplitudes were similar for 5- and 20-Hz stimula-
tion, strong STD was observed at 40 Hz (Figure 5B), revealing
a dominant-negative effect of SpH(G100Y) on STD. STD was
fully rescued by Syp1-mRFP overexpression. To exclude
reduced SV availability as a cause, we analyzed synaptic re-
sponses to ten consecutive brief stimuli and did not observe
any significant differences compared with SpH (Figures 5C
and 5D; cf. Figures 2F and 2G). Therefore, Syb2 dimerization
is important for fast clearance from release sites on the sub-
second timescale but not for retrieval at endocytic sites on
the second timescale.ebruary 16, 2016 ª2016 The Authors 1373
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Figure 4. Overexpression of Syp1 Increases Surface Expression of Syb2 but Not Syb2(G100Y) in Distal Neurites of PC12 Cells, and Loss of
Syp1 Decreases It
(A) TIRF microscopy images of PC12 cells transfected with SpH (left) or SpH(G100Y) (right) alone or together with Syp1-mRFP. Proteins were detected using
antibodies against GFP and Syp1. Coexpression of Syp1 increases expression of Syb2 at distal neurites, whereas Syb2(G100Y) is not affected. Scale
bars, 10 mm.
(B) TIRFmicroscopy images of PC12 cells stably expressing scrambled control shRNA (left) or Syp1 shRNA (center and right). Proteins were detected using Syb2
antibody. Cells expressing shRNAs were selected via a GFP reporter. Upon Syp1 KD, Syb2 is hardly detectable in the PM. Scale bar, 10 mm.
(C) Immunoblots demonstrating shRNA-mediated Syp1 KD in PC12 cells. Two different clonal lines with remaining Syp1 levels of 55% and 15%, respectively,
were selected for further experiments (Syp1KD 1-9, Syp1 KD 22-12). Expression of Syb2 is not affected (91% in sample 1-9 and 103% in sample 22-12 compared
with non-transfected cells). Cells expressing scrambled control shRNA show an overall increase in protein expression without affecting the Syp1/Syb2 ratio.
(D) Relative fluorescence intensities of tip-to-cell body expression. Coexpression of Syp1 significantly increases the fluorescence intensity in the tips of Syb2- but
not Syb2(G100Y)-expressing PC12 cells. Errors in SEM, *p < 0.05, n = 24–37.
(E) Relative fluorescence intensity of tip-to-cell body expression level after KD of Syp1, leading to a reduction of Syb2 expression in the distal tips of PC12 cells.
Errors in SEM, *p < 0.05, n = 10–30.Neurons from Syp1 KO Mice or Expressing Monomeric
Syb2 Are More Sensitive to the NSF Inhibitor NEM
During SV fusion, neuronal SNARE complexes convert from
a trans into a cis conformation and must be disassembled by
the ATPase NSF. Therefore, we wondered whether surface-
stranded Syb2 might easily re-form cis-SNARE complexes with
Stx1A and SNAP-25 highly enriched at sites of release (Sieber
et al., 2007; Bar-On et al., 2008) and whether this might be the
reason for release site clogging and STD. In other words, might
NSF and Syp1 act together in a push-pull mechanism to prevent
cis-SNARE complex formation between exocytosed Syb2 and
abundant t-SNAREs at the AZ? We used increasing amounts
of NEM to compete with a-SNAP binding to NSF. Because
NEM virtually irreversibly inhibits many proteins by acting on
active-site thiol groups, we used acute application. Hippocam-
pal neurons expressing SpH or SpH(G100Y) were stimulated
before and 10 min after application of increasing NEM concen-1374 Cell Reports 14, 1369–1381, February 16, 2016 ª2016 The Authtrations, and synaptic fluorescence responses were normalized
to the total SV pool (unquenched by ammonium chloride)
(Figure 6A).
Treatment of neurons with 100 mMNEM did not change endo-
cytosis and re-acidification, although the vATPase is the second
most sensitive target for NEM in synaptic boutons (Jouhou et al.,
2007). However, we saw a 50% depression in exocytosis ampli-
tude of SpH-expressing WT neurons (half-maximal inhibition
[IC50], 100.9 ± 20.7 mM). Upon coexpression of Syp1-mRFP,
the IC50 value increased (247.7 ± 75.6 mM), whereas Syp1 KO
reduced it further (63.5 ± 7.4 mM), which could be rescued by
coexpression of Syp1-mRFP (137.4 ± 29.2 mM; Figure 6B).
This indicates that Syp1 prevents Syb2 from forming cis-SNARE
complexes in the PM, most likely by buffering Syb2 in the
RRetP at the peri-AZ. In contrast, WT neurons expressing
SpH(G100Y) showed a strongly increased NEM sensitivity
(IC50, 44.9 ± 8.7 mM). Syp1 KO did not further reduce the IC50ors
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Figure 5. The Syb2(G100Y) Mutation Has a
Dominant-Negative Effect on Release Site
Clearance
(A) Average SpH(G100Y) transients ofWT (gray) and
Syp1 KO (dark gray) neurons upon stimulation with
50 APs at 20 Hz (left) or 200 APs at 20 Hz (right).
Retrieval is incomplete only after stronger stimula-
tions, which is rescued by coexpression of Syp1-
mRFP (right). Errors in SEM, n = 10, >1,000 boutons
each.
(B) STD in synaptic boutons of WT and Syp1 KO
neurons expressing SpH(G100Y). Shown are
fluorescence responses (normalized to calibration
responses as in Figure 2) to 5 Hz (black), 20 Hz (dark
gray), or 40 Hz (light gray). SpH(G100Y)-expressing
neurons are depressed significantly when stimu-
lated at higher frequencies (2.84 ± 0.23 for 5 Hz,
2.69 ± 0.18 for 20 Hz, and 1.99 ± 0.11 for 40 Hz).
STD is rescued completely by coexpression of
Syp1 (2.46 ± 0.28 for 5 Hz and 2.72 ± 0.26 for
40 Hz). Errors in SEM, **p < 0.01, n = 6–10 experi-
ments, >50 boutons each.
(C) Exemplary SpH (black) and SpH(G100Y) (red)
responses to ten consecutive stimuli (50 APs at
20 Hz) as in Figures 2F and 2G.
(D) Plot of average fluorescence amplitudes from
(C). The lack of a significant difference between
both Syb2 variants indicates that Syb2 dimerization
does not affect SV recruitment. Errors in SEM, n =
13–19 experiments, >50 boutons each.
See also Figure S3.value (51.6 ± 4.0 mM), again pointing out the dominant-negative
effect of the G100Y mutation. Overexpression of Syp1-mRFP
rescued both the WT and KO (143.3 ± 28.3 mM and 93.4 ±
15.4 mM, respectively; Figure 6C). We conclude that monomeric
Syb2 has a higher tendency to form cis-SNARE complexes as a
consequence of less efficient clustering by Syp1 in the RRetP
outside of the AZ. In line with this, changing Syp1 levels is less
effective than in SpH-expressing neurons. To check for a
frequency-dependent effect of NEM, we analyzed STD in the
presence of 30 mM NEM. We saw significant STD upon 40-Hz
stimulation that could be rescued by Syp1-mRFP (Figure 6D).
Therefore, inhibition by NEM is not only dose- but also fre-
quency-dependent.
Taken together, our results indicate that a combination of two
different molecular mechanisms, Syb2 dimerization and Syb2-
Syp1 interaction, are important for efficient clearance of Syb2Cell Reports 14, 1369–1381, Faway from the AZ and buffering in the
RRetP at the peri-AZ. We propose that
Syp1 primarily serves as a clearance fac-
tor, preventing exocytosed surplus Syb2
from cis-SNARE complex formation and,
therefore, clogging of release sites.
DISCUSSION
Using live cell imaging and super-reso-
lution microscopy, we were able to show
that both Syb2 dimerization and theSyb2-Syp1 interaction are essential for efficient clearance of
Syb2 from the AZ. We propose that Syp1 primarily serves as a
clearance factor, preventing exocytosed Syb2 from cis-SNARE
complex formation and, thereby, avoiding clogging of release
sites (Figure 7).
Functional Role of the Syb2-Syp1 Interaction
We showed that Syp1 increases clustering of Syb2 in the PM.
Syp1 overexpression enhanced targeting of Syb2 to distal
neurites in PC12 cells, whereas Syp1 KD decreased proper tar-
geting. In agreement with our observation, previous studies have
shown that Syp1 efficiently localizes Syb2 to synapses (Pennuto
et al., 2003; Wienisch and Klingauf 2006; Bonanomi et al., 2007).
An earlier study (Gordon et al., 2011) has reported that
Syb2 endocytosis was blocked completely in Syp1 KO cortical
neurons, in conflict with our data. We only observed a partialebruary 16, 2016 ª2016 The Authors 1375
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Figure 6. Dimerization and Syp1 Reduce the
Sensitivity of Syb2 to the NSF Inhibitor NEM
(A) Experimental design and two exemplary SpH
fluorescence transients of WT neurons in response
to 200 APs at 20 Hz before and after application of
NEM for acute block of NSF. For normalization, an
ammonium chloride pulse was given. NEM was
applied in different concentrations ranging from
15–1,000 mM. Errors in SD, n > 100 boutons each.
(B and C) Dose-response curves for WT (B) and
Syp1 KO (C) neurons. Shown are maximum am-
plitudes of fluorescence transients for different
NEM concentrations relative to the amplitude
prior to NEM treatment. Neurons expressed SpH
(black) or SpH(G100Y) (light gray) alone or together
with Syp1-mRFP (gray for SpH and red for
SpH(G100Y), respectively). For calculation of IC50
values (see text), data were fit with Hill’s equation,
F = a ab
1+

K
½c
n;
where F is the measured fluorescence amplitude
(exocytosis) relative to the control, a and b are the
maximum and minimum values, K is the ligand
concentration [c] producing IC50, and n is the Hill
coefficient. Fitting was done with the Levenberg-
Marquardt algorithm. Data points were weighted
with their errors. Errors in SEM, n = 5–16 experi-
ments, >50 boutons each.
(D) STD of WT neurons expressing SpH in the
presence of 30 mM NEM. In contrast to untreated
neurons (Figure 2), weak STD is already observed
at 5 Hz (black) and very strong STD at 40 Hz (gray)
(2.48 ± 0.33 for 5 Hz and 1.35 ± 0.09 for 40 Hz) and
can be rescued by coexpression of Syp1 (2.89 ±
0.42 for 5 Hz and 2.16 ± 0.14 for 40 Hz). Errors in
SEM, *p < 0.05, n = 5–10 experiments, >80 bou-
tons eachreduction in Syb2 endocytosis under similar stimulation condi-
tions, although we used the same KO strain. However, a com-
plete block of Syb2 endocytosis and, therefore, retrieval into
SVs surely should have led to the same lethal phenotype as
that reported for Syb2 KO mice (Schoch et al., 2001). In part,
different requirements for Syp1 in different neuron types may
account for the divergent results. Although no other direct inter-
action of Syp1 with any other SV protein than Syb2 has been
observed in neurons, loss of hetero-oligomerization upon Syp1
KO also affects retrieval of other SV proteins, like Syt1 (Fig-
ure S1). This observation was consistent with another parallel
study in which endocytosis of SV protein 2A (SV2A) and Syt1
was partially blocked upon Syp1 KO under similar stimulation
conditions (Kwon and Chapman, 2011). Moreover, at mild stim-
ulation kinetics of Syb2, endocytosis remained unchanged in1376 Cell Reports 14, 1369–1381, February 16, 2016 ª2016 The AuthorsSyp1 KO neurons, indicating that Syp1
does not play a direct role in Syb2 endo-
cytosis. These findings corroborate our
notion that the mild endocytosis defect
observed for increasing stimulus strength
and frequency is a mere consequence
of ineffective release site clearance up-stream of endocytosis. Our results demonstrate that improper
clearance of exocytosed SpH in Syp1 KO neurons can cause a
functional block of previously used release sites, leading to
release depression. Our data implicate self-assembly in release
site clearance and functionally link release site clearance to the
existence of the RRetP at the peri-AZ. Supporting our conclu-
sion, we performed Monte Carlo simulations (2D random walk)
of diffusional clearance of Syb2 from the AZ in the presence or
absence of a ‘‘trapping’’ RRetP around the AZ to show how
the existence of the RRetP at the peri-AZ (‘‘sink’’) positioned
adjacent to sites of fusion at the AZ (‘‘source’’) facilitates the
diffusional clearance from the source (Figure 7B). In both sce-
narios (i.e., with and without sink), particles diffuse freely but
are trapped during their random walk in the presence of the
sink, which prevents a random walk back to the source. This
AB
Figure 7. NSF and Syp1 Act in a Push-Pull Mechanism for Release Site Clearance
(A) For release site clearance, Syb2 is pushed away by NSF, which disassembles cis-SNARE complexes, and pulled by Syp1, which clusters Syb2 dimers outside
of the AZ in the RRetP. Loss of either one leads to accumulation of cis-SNARE complexes at sites of SV fusion, thereby perturbing its function, which results in
STD. Syb2-Syp1 clusters in the RRetP and t-SNARE clusters form stable domains in the AZ, thereby maintaining its integrity, whereas all other components
diffuse freely (arrows in the PM).
(B) Monte Carlo simulations (2D random walk) of diffusional clearance of Syb2 from the AZ in the presence and absence of a trapping RRetP around the AZ. Left:
kymographs of the radial positions of 70 Syb2 molecules released by one SV at the center of a circular AZ (200-nm diameter) at time 0 s with a static absorbing
RRetP around the AZ (top) or no RRetP (bottom). Molecules diffuse with 0.5 mm2/s, as determined experimentally by fluorescence recovery after photobleaching
(FRAP) measurements in the axonal PM (J.K., unpublished data). Right: clearance curves (quantification of the kymographs is shown on the left). Absolute
numbers of Syb2 molecules within the 200-nm AZ are represented as a function of time. In the presence of an RRetP (red), as many molecules are cleared after
25 ms (corresponding to 40 Hz) as after 100 ms (10 Hz) in the absence of the RRetP (blue). Black clearance curves represent averages of ten simulations each.also explains the frequency dependence. With or without the
sink, particles eventually diffuse away; i.e., distribute in thewhole
bouton membrane, which is large compared with the AZ area.
But with a nearby sink, the process of dilution or clearance is
accelerated. At low release frequencies, this slowed clearance
does not matter, but at higher frequencies, the existence of the
RRetP facilitates clearance (Figure 7A).
Role of Syp1 and Isoforms in Other Preparations
STD as result of a clearance defect has been first reported at the
calyx of Held preparation (Hosoi et al., 2009; Wu et al., 2009). At
this synapse, 1 mM NEM resulted in a strong decline of the
paired pulse ratio only for short inter-stimulus intervals but did
not affect overall refilling kinetics of the readily releasable SV
pool (Sakaba and Neher, 2003). Therefore, NSF acts down-
stream of SV fusion and also appears to be important for release
site clearance at the calyx. Therefore, we started postsynaptic
recordings on calyx of Held preparations of Syp1 KO mice. SoCell Rfar, we were only able to see mild differences in depression
(R.R. and H. Taschenberger, unpublished data). However,
postsynaptic AMPAR desensitization at very high stimulus
frequencies might be a confounding factor. Postsynaptic elec-
trophysiological recordings in hippocampal neurons would be
additionally compromised by the severe space-clamp problem.
Therefore, we preferred the pHluorin-based prepulse normaliza-
tion protocol for probing frequency-dependent STD (Hua et al.,
2013) in hippocampal neurons. We showed that pHluorin mea-
surements involving transfection as well as measurements with
the styryl dye FM1-43 yield identical results, providing direct
and linear readouts of presynaptic release, unlike postsynaptic
recordings (Hua et al., 2013). Redundancy of Syp1 function by
other Syp isoforms, namely Synaptophysin 2, Pantophysin,
and Synaptogyrins (Fykse et al., 1993; Haass et al., 1996), may
also lead to mild differences. Further experiments are needed
for clarification. In the hippocampus, Synaptophysin 2 is highly
expressed in granule cells and, to a lesser extent, in CA3eports 14, 1369–1381, February 16, 2016 ª2016 The Authors 1377
pyramidal cells (Singec et al., 2002). Because both cell types
are present in our cultures, an even stronger STD is expected
for a double KO. Interestingly, bipolar retinal cells are found to
not express Synaptophysin 2 and have been observed to have
a reduced number of SVs upon Syp1 KO (Spiwoks-Becker
et al., 2001). Moreover, the Drosophila genome lacks a Syp
homolog and encodes only a single Synaptogyrin isoform. Syn-
aptogyrin-null mutant larval neuromuscular junctions revealed
abnormal SV biogenesis and decreased release probability,
resulting in increased initial facilitation followed by pronounced
depression during tetanic stimulation at 20 Hz (Stevens
et al., 2012). Unfortunately, higher frequencies were not tested.
However, the Drosophila temperature-sensitive NSF mutant
comatose revealed strong depression (Kawasaki and Ordway,
2009).
cis-SNARE Complex Formation
Disassembly of cis-SNARE complexes by NSF is thought to
occur after SV exocytosis to allow Syb2 recycling (Jahn and
Scheller, 2006). However, in squid giant synapses, flash photol-
ysis of an NSF-inhibiting caged peptide caused rapid release
depression after few APs, not depleting SVs (Kuner et al.,
2008), which led the authors to argue that SNARE disassembly
must occur upstream of docking and priming. In this study, we
also observed strong STD when inhibiting NSF with NEM (Fig-
ure 6). Our results therefore can reconcile the squid data by
showing that a failure in cis-SNARE complex dissociation down-
stream of fusion can perturb release site function. NEM concen-
trations higher than 0.5 mM have been observed previously to
block v-ATPase function (Jouhou et al., 2007). In chromaffin
cells, NEM did not affect the initial burst of exocytotic events
when used at 0.5–1 mM with an incubation time of 5–10 min
(Xu et al., 1999). 1 mM NEM has also been shown to have no ef-
fect on SV recruitment in the calyx of Held (Sakaba and Neher,
2003). Therefore, NEMat lower concentration and on a timescale
of up to 10 min can be used as an acute blocker of NSF. We
observed that Syp1 KO neurons were more sensitive to NEM
compared with WT neurons, which could be rescued by Syp1
expression. This increased sensitivity suggests that, in KO neu-
rons, enhanced NSF function partially compensates for the loss
of Syb2 clearance. Remarkably, a single point mutation of Syb2,
only disrupting its dimerization, rendered synapses most sensi-
tive to NEM (Figures 6B and 6C). Again, this effect could be
partially rescued by Syp1 coexpression. In general, we found
that Syp1 changed NEM susceptibility in a dose-dependent
manner, which might explain the high copy number of Syp1
in SVs. We suggest that RRetP formation outside of the AZ
is crucial for preventing the energetically highly favored cis-
SNARE complex formation by t- and v-SNAREs, which are highly
abundant in the synaptic PM, by segregating them into two
distinct membrane domains. In PC12 cell membranes, the two
t-SNAREs Stx1A and SNAP-25 have been shown to form
extended clusters (Sieber et al., 2007) and to spontaneously
form stable cis-SNARE complexes with free Syb2 (Bar-On
et al., 2008). Interestingly, in chromaffin cells, NEM substantially
inhibited a second exocytosis burst but not the initial one (Xu
et al., 1999). Because secretory granules, unlike SVs, are not
reformed from the PM, this finding cannot be explained by1378 Cell Reports 14, 1369–1381, February 16, 2016 ª2016 The AuthSNARE complex disassembly upstream of fusion, as suggested
by the fast depression after NSF block in squid giant synapses
(Kuner et al., 2008). Likewise, in the calyx of Held, NEM strongly
decreased the paired pulse ratio selectively for short inter-stim-
ulus intervals without affecting overall SV recruitment kinetics
(Sakaba and Neher, 2003). The most likely explanation is that
the large amounts of Syb2 released during the first burst
form cis-SNARE complexes with abundant t-SNAREs, leading
to clogging of release sites. These and our data suggest that
clustering of both t- and v-SNAREs in spatially distinct mem-
brane domains (AZ and RRetP at the peri-AZ) work as a mecha-
nism to prevent cis-SNARE complex formation at the AZ. In line
with this, we have shown that induction of STD by blocking endo-
cytosis is associated with an accumulation of SV proteins in the
AZ, probably because of saturation of the RRetP capacity (Hua
et al., 2013). Conversely, in theDrosophila temperature-sensitive
NSF mutant comatose, strong depression was accompanied by
redistribution of t-SNAREs away from the AZ (Kawasaki and
Ordway, 2009). This shows that cis-SNARE complex formation
indeed leads to disintegration of release sites, resulting in STD.
Previous studies have shown that Syb2 bound to Syp1 was
not able to participate in SNARE complex formation (Edel-
mann et al., 1995). Taken together, our results identify dimer-
ization of Syb2 followed by Syp1-mediated clustering and
sequestration into the RretP as first important steps in release
site clearance. We propose that Syp1 acts downstream of
exocytosis and upstream of endocytosis as a clearance factor
for Syb2, thereby also enhancing its efficient sorting into newly
endocytosed SVs. Because we have shown previously that
presorting and preassembly of SV proteins into the RRetP
does not highly speed up their endocytic retrieval, we propose
that the main function of the RRetP is facilitation of release site
clearance.EXPERIMENTAL PROCEDURES
Plasmid Constructs
Eukaryotic expression plasmids encoding superecliptic pHluorin-Synaptobre-
vin 2 (SpH), Synaptophysin 1-pHluorin, and Synaptophysin 1-mRFP were
generated as described by Wienisch and Klingauf (2006). The eukaryotic
expression plasmid for Syb2, fused carboxy-terminally to dendra2, was con-
structed in pRc/cytomegalovirus (CMV)-based expression vector pDendra2
(Takara Bio). To produce monomeric Syb2, glycine 100 was mutated to
tyrosine by site-directed mutagenesis of the respective codon using a site-
directed mutagenesis kit (Stratagene/Agilent Technologies). All sequences
were verified by DNA sequencing.
Cell Culture and Transfection
PC12 cells were cultured in serum DMEM as described previously (Gauthier-
Kemper et al., 2012). Undifferentiated cells were plated on 24-mm poly-
D-lysine (PDL)- and collagen-coated glass coverslips (Karl Hecht) at 103
cells/cm2 and cultured in DMEM with 1% (v/v) serum. Cells were flattened
by addition of 100 ng/ml rat NGF for 1–2 days. HEK293 cells were cultured
in minimal essential medium (MEM) supplemented with 10% (v/v) fetal calf
serum (FCS), 2 mM Glutamine, and 1% (v/v) penicillin/streptomycin (stock so-
lution, 10,000 U/ml penicillin and 10 mg/ml streptomycin). For imaging, cells
were plated on 24-mm PDL-coated glass coverslips.
Transfections of PC12 and HEK293 cells were performed with Lipofect-
amine 2000 (Invitrogen) as described previously (Gauthier-Kemper et al.,
2012). Electroporation of PC12 cells was performed with the Neon transfection
system (Invitrogen). Analysis was carried out 3 days after transfection.ors
Primary cultures were prepared from newborn (post-natal day 0 [P0]) C57/
BL6 WT mice or homozygous Syp1 KO mice as described previously (Wie-
nisch and Klingauf, 2006). Syp1 KO mice were obtained from Prof. Dr. Rudolf
Leube (Rheinisch-Westfa¨lische Technische Hochschule [RWTH] Aachen
University). All animals were treated in accordance with the regulations and
guidelines of the State of North Rhine-Westphalia. Cultures were maintained
in Neurobasal medium supplemented with 2% (v/v) B27 (Gibco), 2 mM Gluta-
mine, and 0.1% (v/v) penicillin/streptomycin. At 2 days in vitro (DIV), cells were
additionally treatedwith 1 mMcytosine b-D-arabinofuranoside (Ara-C) to inhibit
glial proliferation. Neurons were grown on Matrigel-covered glass coverslips
and transfected at 5 DIV by a modified calcium phosphate transfection proto-
col (Threadgill et al., 1997). Microscopy was performed at 17–21 DIV.
Epifluorescence Microscopy of Living Neurons and Data Analysis
Experiments were carried out in modified Tyrode’s solution (140 mM NaCl,
4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES
[pH 7.4];310 mOsm). APs were elicited by electric field stimulation (platinum
electrodes, 10-mm spacing, 1-ms pulses of 50 mA, and alternating polarity at
20 Hz) applied by constant current stimulus isolator (WPI A 385, World
Precision Instruments). 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
Tocris Bioscience) and 50 mM D,L-2-amino-5-phosphonovaleric acid (AP5,
Tocris Bioscience) were added to prevent recurrent activity. Fast solution ex-
changes were achieved through a three-barrel glass tubing perfusion system
controlled by a piezo-controlled stepper device (SF778, Warner Instruments).
Ammonium chloride solution (pH 7.4) was prepared by replacing 50 mM NaCl
with NH4Cl. Folimycin (Calbiochem) was used at a concentration of 65 nM. The
experiments were conducted at room temperature (RT) on an inverted Zeiss
100 microscope equipped with a 363, numerical aperture (NA) 1.2 water im-
mersion objective. Images were acquired at 0.5 Hz with a cooled charge-
coupled device (CCD) camera (Sensicam QE, PCO) controlled by TILLVisION
software (Till Photonics) in 2 3 2 binning mode, resulting in 688 3 520 pixels.
PHluorin fusion constructs were excited at 480 nmwith a computer-controlled
monochromator (Polychrom II, Till Photonics). Fluorescence was detected
after passing a fluorescein isothiocyanate (FITC)/Cy5 dual-band filter set
(AHF Analysentechnik). For dual-color recordings, alternating images in green
and red channels were acquired at 0.5 Hz. NEM was dissolved in Tyrode’s so-
lution to the respective concentration. Neurons were stimulated with 200 APs
at 20Hz. Ammonium chloride solution was perfused for 160 s after stimulation.
After washing three times with Tyrode’s solution, NEM buffer solution of the
required concentration was added. Upon 10-min incubation at RT, the same
set of stimulation paradigms was performed in the same region. Quantitative
analysis was performed with self-written macros in Igor Pro-6.12 (Wavemet-
rics) as described previously (Wienisch and Klingauf, 2006). Only experiments
containing more than 50 active boutons were considered for analysis.
TIRF-PALM Imaging and Cluster Analysis
For cluster analysis using TIRF-PALM, HEK293 or NGF-treated PC12 cells
were fixed 3 days after transfection using 4% paraformaldehyde + 0.2%
glutaraldehyde (SERVA Electrophoresis) in PBS for 15 min at 4C, followed
by 30 min at RT. Quenching was done with 0.1 M glycine for 15 min. Cells
were finally washed three times with PBS. TIRF-PALM imaging was performed
on an inverted Nikon Ti Eclipsemicroscope equippedwith fiber-coupled lasers
of different wavelengths (405 nm [60 mW Jive, Cobolt], 488 nm [200 mW Jive,
Cobolt], and 561 nm [150 mW Phoxx, Omicron]) controlled by a laser box
(Omicron Laserage). Fluorescence emission was detected using a 3100 oil
objective (Nikon Apo TIRF, NA 1.46) together with anORCA Flash complemen-
tary metal oxide semiconductor (CMOS) camera (Hamamatsu). Twenty thou-
sand images were taken at an exposure time of 100 ms. Activation of dendra2
was performed with 405 nm at very low laser power (microwatt) and excitation
with 561 nmwith maximum power. For drift correction, 200-nm tetraspec fluo-
rescence beads (Invitrogen) were added prior to imaging. Single-molecule
localization and reconstruction of PALM images were done using QuickPALM
software (Henriques et al., 2010), which includes a high-speed reconstruction
algorithm using the classical Ho¨gbom ‘‘CLEAN’’ method for spot finding, fol-
lowed by a modified center of mass algorithm to compute the spot position
and parameters defining spot shape along the horizontal axis. Drift correction
was done by subtraction of the trace of the corresponding tetraspec bead fromCell Rthe traces of each localized spot in the reconstruction using a self-written
MATLAB (MathWorks) script. Corrected reconstructed PALM images were
plotted as a color code from blue to red. Cluster analysis was done in MATLAB
from sections of the cell approximately 2 mm2 in size using kNN analysis. The
results were plotted as a function of the calculated distance between two
molecules within the analyzed section divided by the distance between two
randomly distributed molecules in the same section. Therefore, a random
distribution would lead to a kNN distance of 1 (blue dashed line in the plots).
shRNA-Mediated Downregulation of Syp1
Stable, clonal lines of Syp1-downregulated PC12 cells were generated using
different types of shRNA coding sequences for mouse Syp1 (OriGene) accord-
ing to themanufacturer’s protocol (for further details, see Supplemental Exper-
imental Procedures). For immunofluorescence analysis, cells were fixed with
4% (w/v) paraformaldehyde in PBS for 20 min. After washing, cells were
quenched with 0.1 M glycine for 20 min and permeabilized for 5 min with
0.2% (v/v) Triton X-100 in PBS. Cells were stained with the respective
antibodies diluted in PBS containing 1% (w/v) BSA at RT (2 hr for primary
antibodies and 1 hr for secondary antibodies). Coverslips were mounted in
PBS. Images were taken using TIRF microscopy performed on a Nikon Ti
Eclipse using fiber-coupled lasers of different wavelengths: 491 nm (100 mW
Calypso, Cobolt) and 561 nm (100 mW Jive, Cobolt). Fluorescence emission
was detected using a 3100 oil objective (Nikon Apo TIRF, NA 1.49) together
with an electron-multiplying CCD camera (Andor Technology).
Other Methods
Statistical analysis among experimental groups was performed using paired
Student’s t test (Origin 7.0) or ANOVA followed by a post hoc Bonferroni
test. p Values were as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Monte
Carlo simulations of a 2D randomwalk of released SV proteins were performed
with self-written macros in Igor Pro 6.12 (Wavemetrics) using the built-in
random number generator.
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